Aim Published prognostic scores for metastatic colorectal cancer (mCRC) are based on data from highly selected patient subgroups with specified first-line treatments and may not be applicable to routine practice. We have therefore developed and validated the metastatic colorectal cancer score (mCCS) to predict overall survival (OS) for patients with mCRC.
Introduction
In Germany in 2014, 61 000 patients were diagnosed with CRC and 25 500 died from the disease, making CRC the third most frequent cause of cancer death in that country [1] . Over the last decade, the clinical outcome for patients with metastatic colorectal cancer (mCRC) has markedly improved, with median overall survival (OS) approaching 30 months in some clinical trials [2] .
For most patients, treatment is palliative and consists of systemic chemotherapy; only those few with potentially resectable metastases (particularly those with isolated liver metastases) are treated with curative intent.
Current standard treatment is based on 5-fluorouracil (5-FU) combined with oxaliplatin or irinotecan or both [3] . The approval of molecular targeted therapies, such as antibodies targeting epidermal growth factor receptor (EGFR) or vascular endothelial growth factor (VEGF), has further increased treatment efficacy and led to the identification of the first, and so far only, predictive biomarker, the RAS mutation status [4, 5] . However, the optimal combination of agents, and thus the best clinical management of patients with mCRC, remain controversial.
Identification of prognostic factors and the development of prognostic scores that can predict survival may help physicians in communication with patients and treatment decision-making. A number of laboratory and clinical factors predictive for OS have been identified in previous analyses [3, [6] [7] [8] [9] [10] [11] [12] [13] and two prognostic scores have been published [14, 15] . K€ ohne and colleagues classified three risk groups for survival based on four baseline clinical parameters (performance status, white blood cell count, alkaline phosphatase and number of metastatic sites) in patients with mCRC receiving 5-FU monotherapy as first-line treatment [14] . The GER-COR study also classified three risk groups for survival based on three clinical parameters [performance status, lactate dehydrogenase (LDH) and number of metastatic sites, with LDH being the main prognostic factor] in patients with mCRC treated with an irinotecan-or oxaliplatin-based first-line chemotherapy [15] . Both prognostic scores focused on parameters evaluated at the start of first-line treatment. In addition, both scores were based on data from patients enrolled in randomized clinical trials, representing a selected population with few comorbidities and uniform treatment, limiting subsequent generalizability to all patients with mCRC.
In order to fill this gap, we have developed and validated a prognostic score to predict OS of patients with mCRC treated in German routine practice, based on information available before selection and the start of first-line treatment.
Method

Data source
The Tumour Registry Colorectal Cancer (TKK) is an ongoing, prospective, multicentre, longitudinal, nationwide cohort study which started in 2006. Since then, 269 medical oncologists from all over Germany have recruited more than 6000 patients. This study was reviewed by an ethics committee and is registered at ClinicalTrial.gov (NCT00910819). Eligible patients are aged 18 or over with histologically confirmed colorectal cancer and systemic chemo-or targeted therapy (e.g. antibodies). Written informed consent was obtained from all patients. The TKK has previously been described in detail [16] . Patients are treated according to physician choice and are followed for a minimum of 3 years (or until death, loss to follow-up or withdrawal of consent).
At the time of enrolment, data on patient and tumour characteristics are documented. From 2008 to 2013, the KRAS mutation status was collected without further information on the tested/mutated exon(s). Since 2014, data on the extended RAS testing routine have been documented (KRAS exons 2, 3 and 4 and NRAS exons 2, 3 and 4), further referred to as '(K) RAS' mutation testing.
Cohort definition
For the present analysis, all patients who had started first-line treatment for Stage IV disease and who had signed informed consent no more than 4 weeks after the start of treatment were chosen. The database cutoff was 31 March 2012. Up until then, 4593 patients had been recruited into the TKK: 2535 patients were recruited with Stage IV disease, and of these 1704 signed their informed consent no more than 4 weeks after start of first-line therapy and were thus eligible for the present analysis. This cohort was split up, resulting in a learning and a validation sample. The learning sample consisted of patients who started first-line treatment between 1 January 2006 and 31 March 2009 (n = 796). The validation sample consisted of patients who started first-line treatment between 1 April 2009 and 31 March 2012 (n = 908). Stratification of the prognostic score was further tested on a large sample of patients with either (K)RAS wild-type tumours (n = 1504) or (K) RAS mutated tumours (n = 1085) recruited from September 2006 until April 2017 and followed-up for at least 1 year. The database cutoff for survival follow-up data of this patient sample was April 2018.
Development of the prognostic score mCCS
Twenty-five variables documented in the TKK that could potentially serve as prognostic factors were identified by an expert panel of medical oncologists from Germany: gender, body mass index (BMI), age, presence of comorbidities (yes or no), Charlson Comorbidity Index (CCI), most frequent comorbidities, site of primary tumour (colon or rectum), tumour stage at primary diagnosis (I-IV), TNM classification, grading of primary tumour, number of resected lymph nodes, number of affected lymph nodes, lymph node ratio (number of lymph nodes involved to the number of examined lymph nodes), KRAS status, resection of primary tumour (yes or no), type of resection of primary tumour, outcome of resection of primary tumour, number of metastatic sites at start of first-line treatment, single metastatic sites, pattern of metastasis, prior adjuvant treatment (yes or no), time from initial diagnosis to start of first-line therapy, type of insurance (statutory health insurance or private medical insurance), educational qualification, professional qualification.
Variables were categorized in accordance with suggestions from a previous study [17] . Additionally, infrequent categories were combined. Missing or unknown values were regarded as separate categories or combined. To simplify the score for clinical use, variables were dichotomized before entering the score. Cutoff points for dichotomization were selected based on literature or categories previously proposed by the expert panel [17] .
For the construction of a simple classification rule, the following steps were performed: the relationship between the covariates and survival as well as the relationships among the covariates were analysed via exploratory data analysis. Covariates were excluded if there was a large proportion of missing data. For multivariate analysis (Cox regression), prognostic factors were identified using manual backward selection via model comparison (likelihood ratio test), allowing for one fallback per parameter. After dichotomization, the relationship between prognostic factor and survival was confirmed using Cox analysis. Based on the identified prognostic factors, a sum score (number of risk factors) was built. For practical reasons, prognostic factors were not weighted and each factor contributed one unit. Based on the number of prognostic factors, patients were stratified into three risk groups having approximately the same sample size. The predictive performance of the identified risk groups was tested in the validation sample using log-rank test and Kaplan-Meier method to compare both low vs intermediate and intermediate vs high risk groups. Adjustment for multiplicity was done for both comparisons according to Bonferroni.
Statistical analysis
Analyses were performed using STATISTICA (StatSoft, Inc.) version 10.0 and R version 2.15.1. Survival distributions were estimated using the Kaplan-Meier method [18] . Overall survival was defined as the interval between the start of first-line chemotherapy and date of death from any cause. Patients alive or lost to follow-up were censored at last contact. Follow-up time was estimated using the inverse Kaplan-Meier method [19] . Table 1 presents the patient and tumour characteristics of the learning sample (n = 796) and the validation sample (n = 908). The samples were comparable with regard to patient and tumour characteristics. Due to updated guidelines regarding (K)RAS mutation status testing, the proportion of patients tested for KRAS mutation status was higher in the validation sample The mCCS prognostic score A prognostic score was developed using patient data from the learning sample. Fifteen variables with sufficient numbers of documented data were included in the exploratory analysis and further tested in the multivariate analysis: gender, BMI, age, presence of comorbidities (yes or no), CCI, site of primary tumour (colon or rectum), tumour stage at initial diagnosis (I-IV), grading of primary tumour, lymph node ratio, KRAS status, number of metastatic sites at the start of first-line treatment, prior adjuvant treatment (yes or no), time from initial diagnosis to the start of first-line therapy, residual tumour classification (R0, R1, R2, RX), type of insurance (statutory vs private).
Results
Patient characteristics
Six factors remained as independent prognostic factors for survival in the final model: number of metastatic sites, grading of primary tumour, residual tumour classification, lymph node ratio, tumour stage and KRAS mutation status. The hazard ratios for each parameter in univariate and multivariate analysis are shown in Table 2 .
These six factors were dichotomized and a multivariate model with the resulting binary variables was calculated ( Table 3 ). The cutoff points were as follows: two or more metastatic sites at start of first-line treatment, tumour grading ≥ G3 at primary diagnosis, residual tumour classification (of primary tumour) ≥ R1 or unknown, lymph node ratio (of primary tumour) ≥ 0.4, (Table 3) . Based on these six prognostic factors a prognostic scoring system was developed. The existence of each of the risk factors was counted as one unit. These six factors constitute the mCCS. A score of 0-6 was calculated per patient and three risk groups for survival were identified: zero to two risk factors (low risk), three risk factors (intermediate risk) and four to six risk factors (high risk). For each of these risk groups, median OS was calculated for the learning sample (Fig. 1a The validity of the prognostic score was tested in the validation sample. Median OS for patients in the validation sample is shown in Fig. 1b statistically significant (P < 0.05, adjusted for multiplicity). In the group with the good prognosis, median OS was more than one and a half times better than that observed in the poor prognosis group. In our sample, about 40% of patients were of low risk and 30% of patients were of either intermediate or high risk.
First-line treatment
The type of first-line chemotherapy was balanced between the three risk groups ( Table 4 ). As described before, molecular targeted therapies were used more often in the validation sample. In both samples, patients in the low-risk group received anti-EGFR therapy more frequently than patients in the intermediate and high-risk groups (7.5/15.7% compared with 3.1/6.7% in the learning sample and 3.0/5.0% in the validation sample). A sensitivity analysis excluding these patients from the sample confirmed that the score separates patients into three distinct risk groups and indicated that treatment with EGFR inhibitor did not solely account for the good prognosis of patients in 
Adapted prognostic score
Since there has been an increase in RAS testing and RAS-targeted treatments in recent years, we tested whether the validated six-factor prognostic score still stratified patients if the KRAS status was excluded as a prognostic factor. Based on the five remaining prognostic factors (two or more metastatic sites, tumour grading ≥ G3 or unknown, residual tumour classification ≥ R1 or unknown, lymph node ratio ≥ 0.4 and tumour stage ≥ III or unknown), three risk groups could be defined: zero to one risk factor (low risk), two risk factors (intermediate risk), three to five risk factors (high risk). This adapted five-factor score was applied to a large cohort of patients with known (K)RAS mutation status recruited between September 2006 and April 2017. Looking at the survival of the patients with (K) RAS wild-type status according to these modified risk groups, median OS was still markedly different for patients with low (31.1 months, 95% CI 28.0-35.1), intermediate (26.5 months, 95% CI 23.6-29.5) and high risk (19.8 months, 95% CI 17.8-21.6; Fig. 2a ). This modified score was also able to stratify the patients with 
Discussion
The clinical management of mCRC patients remains a subject of debate, and better stratification of patients by prognostic risk is needed to improve clinical research and quality of care. We have developed and validated a prognostic mCCS for OS for patients with mCRC in a real-world setting, regardless of the first-line treatment. The mCCS comprises six tumour characteristics as independent prognostic factors for OS: number of metastatic sites, grading of primary tumour, residual tumour classification, lymph node ratio, tumour stage and KRAS mutation status. These prognostic factors are objective parameters that are routinely available at the start of treatment for mCRC and efficiently segregate the patients into three survival risk groups. The prognostic performance of the mCCS could be confirmed in a validation sample and also stratified patients with either (K)RAS wild-type or mutated tumours.
A limitation of this study could be the differences in the types of treatments received between patients in the three allocated risk groups. However, patients received comparable treatment in terms of (a) use of oxaliplatinvs irinotecan-based chemotherapy, (b) use of monovs combination therapy, (c) use of molecular targeted therapies, (d) the most frequently used regimens. A further limitation might be that the mCCS was kept as simple as possible in order to be easily applicable in routine care. We could have weighted the parameters differently in order to receive a more precise score but this would have meant that use of the mCCS would be more timeconsuming. At the time of recruitment for this prospective study, data on recently published prognostic markers like NRAS or BRAF mutation status, as well as sidedness,
were not yet documented because they were not clinically relevant at the time. However, we do not believe that this limits the usability of the score. Firstly, we show that the KRAS mutation status can be omitted as a prognostic factor and the score stratified patients with RAS wild-type or mutated tumours. Secondly, BRAF mutation status is rarely determined in routine practice and even more rarely are patients found to harbour BRAF mutations.
Prognostic scores are a valuable tool, combining as they do multiple prognostic factors. For patients with mCRC, the most frequently reported factors are performance status, laboratory parameters (such as lactate dehydrogenase or white blood cell count [3, 10, 14, 15] ) and tumour characteristics like the number of metastatic sites at the start of first-line treatment [14, 15, [20] [21] [22] [23] [24] . Besides the fact that the published scores are mostly based on data from clinical trials, and can therefore not be directly translated to routine care, multiple other factors have to be kept in mind: The use of laboratory parameters in prognostic models is common but complicated in routine practice by differing time points of testing, cut-off values, testing methods and reporting standards between laboratories. A major limitation of performance status as a prognostic factor is its reliance on subjective clinical assessment. Our mCCS is based on objective tumour characteristics usually available as standard information when the patient starts first-line treatment. Five of the factors reflect the status of the primary tumour even though about a third of the patients in our sample had been initially diagnosed with M0 stage disease and later relapsed and started first-line treatment; therefore characteristics of the primary tumour still determined prognosis after relapse in these patients.
In a recent publication, Desot et al. pointed out that a statistical difference between low-and intermediaterisk groups is sometimes lacking in several existing scores [23] . Our score separates three risk groups with a significant difference in OS between high-and intermediate-risk groups as well as between low-and intermediate-risk groups, and can identify patients with an intermediate risk.
During development and validation of the score, KRAS and later RAS mutation status became a key factor affecting the prognosis and the choice of first-line treatment in patients with mCRC. While patients with (K)RAS wild-type tumours generally have a better prognosis and can be treated with either EGFR or VEGF inhibitors, the prognosis of patients with (K) RAS mutant tumours is worse and the choice of treatment is more restricted. The question was raised whether our score would also separate three risk groups of patients if (K)RAS mutation status was excluded as a prognostic factor and whether it was also applicable to patients dependent on (K)RAS mutation status. We demonstrated that a five-factor score excluding the (K) RAS mutation status still clearly separates patients into three risk groups that differ significantly in OS.
Prognostic scores play an important role in reaching an optimized and individualized treatment and can help to set up appropriate treatment recommendations. It will be interesting to see a clinical trial stratifying the patients according to the mCCS and finding the optimal treatment recommendation for each risk group. Such risk-group-adapted treatment is already recommended in prostate cancer and is a big step towards personalized treatment [25, 26] .
Conclusion
We developed and validated a new prognostic score, the metastatic colorectal cancer score (mCCS), to predict survival in patients with mCRC based on tumour characteristics typically available in clinical practice at the start of first-line treatment. The mCCS is a powerful prognostic score that clearly defines three prognostic groups for survival at start of first-line therapy. For oncologists, the score represents a simple and easy-toapply tool for routine clinical use. In the future, the mCCS may well help communicate prognosis, guide treatment decisions and stratify patients within clinical trials. Further studies on the clinical applicability of the mCCS as well as on the benefit of different treatment strategies for patients in the three risk groups will be of great interest.
